The C-propeptide domains of the fibrillar procollagens, which are present throughout the Metazoa in the form of $90 kDa trimers, play crucial roles in both intracellular molecular assembly and extracellular formation of collagen fibrils. The first crystallization of a C-propeptide domain, that from human procollagen III, is described. Following transient expression in mammalian 293T cells of both the native protein and a selenomethionine derivative, two crystal forms of the homotrimer were obtained: an orthorhombic form (P2 1 2 1 2 1 ) that diffracted to 1.7 Å resolution and a trigonal form (P321) that diffracted to 3.5 Å resolution. Characterization by MALDI-TOF mass spectrometry allowed the efficiency of selenomethionine incorporation to be determined.
Introduction
Fibrillar collagens (types I, II, III, V and XI) account for approximately 25% of protein mass in the body, where they occur in the form of banded fibrils with a characteristic 64-67 nm periodicity (Kadler et al., 2007; Ricard-Blum, 2011) . These collagens are synthesized in a precursor form, procollagen ($450 kDa), as rod-like molecules ($300 nm in length) with globular N-and C-terminal propeptide extensions ($50 and 90 kDa, respectively). Each procollagen molecule consists of three polypeptide chains.
Inside the cell, procollagen molecular assembly is initiated by the trimerization of C-propeptide domains (Boudko et al., 2011) , followed by zipper-like folding towards the N-terminal end. Trimerization is a highly specific process leading to the correct association of chains into heterotrimers (procollagens I, V and XI) or homotrimers (procollagens I and II) and also preventing incorrect association of different genetic types. There is a region in the amino-acid sequence of the C-propeptide that controls specificity (Lees et al., 1997) , although the structural basis of chain recognition has yet to be elucidated. The importance of the C-propeptides in procollagen trimerization is underlined by the large number of heritable disorders of connective tissue that are characterized by mutations in this region of the molecule (Bateman et al., 2009) . These affect several tissues, including bone (Chessler et al., 1993; Pace et al., 2002) , cartilage (Nishimura et al., 2005) , skin (De Paepe et al., 1997) and blood vessels (Pickup & Pollanen, 2011) .
Outside the cell (or during secretion), collagen fibril formation is triggered by proteolytic removal of the N-and C-terminal propeptides (Colige et al., 2005; Kronenberg et al., 2010; Muir & Greenspan, 2011; Vadon-Le Goff et al., 2011) and is controlled by numerous interactions with other extracellular-matrix and cell-surface components (Kadler et al., 2008) . Solubility is assured by the presence of the propeptides, particularly the C-propeptides, which increase solubility by 1000-fold (Kadler et al., 1987) . The C-propeptides also interact with integrins (Davies et al., 1997) , with such interactions being involved in feedback regulation of biosynthesis (Mizuno et al., 2000; Wu et al., 1991) as well as angiogenesis and tumour progression (Palmieri et al., 2008; Vincourt et al., 2010) . In addition, the C-propeptides are involved in mineralization (Kirsch & Pfä ffle, 1992; Lee et al., 1996; Lindahl et al., 2011) .
Despite their obvious biomedical importance, high-resolution three-dimensional structures of the fibrillar procollagen C-propeptides have thus far remained elusive. Low-resolution structural analysis of the C-propeptide trimer from procollagen III by small-angle X-ray scattering revealed a tri-lobed structure (Bernocco et al., 2001) , suggesting that the three polypeptide chains associate at their N-termini and then separate into distinct globular domains. This was reinforced by amino-acid sequence analysis, which identified a coiledcoil-like motif in this N-terminal region (McAlinden et al., 2003) . Relatively extended structures have also been proposed based on model building (Malone et al., 2005) . To gain further information, high-resolution structural data are clearly urgently required. Here, we describe the large-scale production, purification and crystallization of the C-propeptide trimer from human procollagen III in both native and selenomethionine-labelled forms, resulting in X-ray diffraction data to 1.7 Å resolution and thus heralding the first molecular structure determination for this important protein domain.
Methods

Expression and purification
DNA encoding the C-propeptide trimer from human procollagen III (CPIIIHis) was amplified from a previous construct in pBAC3 (Vadon-Le Goff et al., 2011) using the forward primer 5 0 -ACCGGTCATCATCACCACCATCACTCC-3 0 and the reverse primer 5 0 -TCTAGACTCGAGTTATAAAAAGCAAACAGG-3 0 and then inserted into the AgeI and XhoI sites of the pHLsec vector (Aricescu et al., 2006) . The corresponding protein is mutated at the single N-glycosylation site (N185Q) and contains an N-terminal His 6 tag followed by a Ser-Ala sequence just before the start of the native protein (Vadon-Le Goff et al., 2011; see Fig. 1 ). Plasmid DNA was amplified in Escherichia coli XL1 Blue cells and then purified using the Endofree Plasmid Giga kit (Qiagen). For protein expression, mammalian HEK 293T cells were cultured in six 555 ml Hyperflasks (Corning) in a CompacT SelecT automated cell-culture system (TAP Biosystems) in DMEM (high glucose) supplemented with 1Â nonessential amino acids (PAA) and 10% foetal bovine serum (FBS, Invitrogen). The cells were transfected at 90% confluence with DNA-PEI transfection mixture. This latter was prepared, for each Hyperflask, by pre-incubating 1 mg plasmid DNA with 2 mg branched polyethyleneimine (PEI MW 25 000; Aldrich) for 10 min at room temperature in 100 ml serum-free DMEM. After the DNA-PEI mixture was delivered into each Hyperflask, DMEM containing 2% FBS (455 ml) was used to top up the flask (Zhao et al., 2011) .
After 4 d, conditioned medium (3.3 l) was collected and was then clarified by centrifugation and filtration through a Steritop vacuumdriven filtration system (Millipore). The supernatant was then dialyzed over 2 d (with one change) against phosphate-buffered saline (PBS) at 277 K. Dialyzed medium was then applied onto a 5 ml column of Talon Co 2+ -affinity resin (Clontech) followed by washing with four column volumes of phosphate-buffered saline (PBS) and two column volumes of PBS containing 20 mM imidazole. Bound protein was eluted with 250 mM imidazole in 20 mM Tris-HCl pH 8.0, 150 mM NaCl. Fractions were then pooled, microconcentrated (molecular-weight cutoff 30 kDa) and further purified on a Superdex 200 16/60 column eluted with 20 mM HEPES pH 7.4, 150 mM NaCl. Finally, fractions were analyzed by SDS-PAGE and further concentrated to $30 mg ml À1 . For production of the selenomethionine derivative, cell culture and transfection were performed as above using 12 roller bottles (Greiner) instead of Hyperflasks. After 24-48 h transfection in normal DMEM containing 2% FCS (250 ml per roller bottle), the culture medium was removed, the cell layer was washed twice with PBS, and fresh methionine-free DMEM (MP Biomedicals) containing 3% dialyzed FBS medium was then added together with l-Gln, nonessential amino acids and 30 mg ml À1 l-selenomethionine (SeMet; Eburon Organics). After 4 d of culture, the medium was collected and the SeMet derivative was purified as for CPIIIHis (above).
Mass spectrometry
Mass spectrometry was performed using a Voyager-DE Pro MALDI-TOF mass spectrometer (Applied Biosystems) equipped with a nitrogen UV laser ( = 337 nm, 3 ns pulse). The instrument was operated in the positive linear mode (mass accuracy 0.05%) with an accelerating potential of 20 kV. Typically, mass spectra were obtained by the accumulation of 600 laser shots for each analysis and were processed using Data Explorer 4.0 software (AB Sciex). For analysis of reduced proteins, 10 ml CPIIIHis and its SeMet derivative (at $3 mg ml
À1
) were first reduced with 30 ml dithiothreitol (DTT; 10 mM in ammonium bicarbonate buffer) for 45 min at 328 K with constant stirring. After desalting using C4 ZipTips (Millipore), samples were mixed with sinapinic acid (saturated solution in 30% acetonitrile and 0.3% trifluoroacetic acid), deposited on the MALDI target and air-dried before analysis. 
Crystallization and data collection
Initial screening and optimization of crystallization conditions were carried out using a Cartesian Technologies pipetting robot in 96-well sitting-drop vapour-diffusion plates (Greiner). Crystallization kits from Hampton Research (Index and SaltRx), Molecular Dimensions (PACTpremier) and the Oxford Protein Production Facility (Blocks 1-3; http://www.oppf.ox.ac.uk) were used. Crystals of forms I (SeMet) and II (native) were obtained directly using the Block 3 and PACTpremier crystallization kits, respectively, as detailed in Table 1 . Crystals of form III (native) were initially obtained using the Block 3 kit in 10% PEG 6000, 0.1 M MES pH 6.0 and were optimized to the conditions shown in Table 1 . Images of crystallization drops were taken automatically at regular intervals using a TAP Biosystems storage vault (Walter et al., 2005) maintained at 294 K. Further information is provided in Table 1. For data collection, crystals were flash-cooled in liquid nitrogen. Form I crystals were cryoprotected by gradually increasing the glycerol concentration in the mother liquor to 30%(v/v), form II crystals were immersed in oil (perfluoropolyether PFO-X125/03; Alfa Aesar) and form III crystals were cryoprotected with 25% ethylene glycol. Diffraction data were collected at the Diamond Light Source synchrotron (Didcot, England). Data were processed using xia2 (form I) and MOSFLM (forms II and III) and were scaled with SCALA from the CCP4 program suite (Winn et al., 2011) . Each data set was collected from a single crystal. Data-collection and processing statistics are given in Table 2 .
Results and discussion
Recombinant C-propeptide trimer from human procollagen III (CPIIIHis; where each chain is mutated at the single N-glycosylation site and carries an N-terminal His 6 tag; Vadon-Le Goff et al., 2011) was expressed by large-scale transient transfection in HEK 293T cells (Aricescu et al., 2006) . Approximately 18 mg CPIIIHis was obtained from 3 l conditioned medium. Purity was at least 99% as assessed by SDS-PAGE (Fig. 2) , which showed a single band (under nonreducing conditions) migrating at approximately the mass expected for a trimer. We also checked for purity and trimerization ability by mass spectrometry under both reducing and nonreducing conditions. By MALDI-TOF, the [M + H] + ion for trimeric CPIIIHis was observed at an m/z value of 86 403 AE 43 (Fig. 3a) . After reduction with DTT, the [M + H] + ion for monomeric CPIIIHis was observed at m/z = 28 769 AE 14 (Fig. 3b) . These figures compared favourably with the expected molecular masses of 86 320 and 28 776 Da, respectively. Thus, both the SDS-PAGE and the mass-spectrometric data showed that the presence of the N-terminal His 6 tag did not interfere with the trimerization of CPIIIHis.
For structure determination, as there are no homologues of the fibrillar procollagen C-propeptides in the Protein Data Bank, heavyatom labelling or selenium substitution is required in order to solve the phase problem. Since the transient expression system used here has previously been shown to efficiently incorporate free selenomethionine from the culture medium (Aricescu et al., 2006) , we also crystallization communications Figure 2 SDS-PAGE analysis. 5 mg purified CPIIIHis was analyzed on a 10% acrylamide gel under nonreducing conditions followed by Coomassie Blue staining. Migration positions of marker proteins are indicated in kDa.
produced the SeMet derivative of CPIIIHis (see x2), resulting in good, although somewhat reduced, yields ($6 mg). Analysis of the SeMet derivative of CPIIIHis by MALDI-TOF mass spectrometry showed a minor [M + H] + ion signal at m/z = 28 773 AE 14 and a broader major [M + H] + ion signal at m/z = 29 023 AE 15 (Fig. 3c) . The first peak corresponds to unlabelled monomer (representing $25% of the total), while the broader peak ($75% of the total) indicates a mixed population of selenomethionine-labelled protein species with an average mass corresponding to approximately five selenomethionine residues incorporated into each CPIIIHis monomer (the mass increment per SeMet residue is 47). This compares with six methionine residues per chain observed in the amino-acid sequence of CPIIIHis. The incorporation of the SeMet label into CPIIIHis was therefore highly efficient.
After concentration to approximately 30 mg ml
À1
, crystallization trials were set up for the unlabelled and SeMet-labelled proteins. After a few days, crystals began to appear in several conditions (Table 1) or hexagonal plates (Fig. 4) . X-ray diffraction screening of crystals grown under different conditions resulted in the identification of two crystal forms that diffracted X-rays to 1.7 and 3.5 Å resolution in space groups P2 1 2 1 2 1 and P321, respectively (Table 2) . For the SeMet derivative, screening using the most promising conditions identified for the unlabelled protein also rapidly resulted in high-quality crystals (space group P2 1 2 1 2 1 ). These diffracted to 2.2 Å resolution and the anomalous signal in the data collected allowed phasing to be carried out. Structure determination using single-wavelength anomalous dispersion is described elsewhere (Bourhis et al., 2012) .
